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There is growing evidence that duplications have played a
major role in eucaryotic genome evolution. Sequencing
data revealed the presence of large duplicated regions in
the genomes of many eucaryotic organisms, and compara-
tive studies have suggested that duplication of large DNA
segments has been a continuing process during evolution.
However, little experimental data have been produced
regarding this issue. Using a gene dosage assay for growth
recovery in Saccharomyces cerevisiae, we demonstrate that
a majority of the revertant strains (58 %) resulted from the
spontaneous duplication of large DNA segments, either
intra- or interchromosomally, ranging from 41 to 655 kb
in size. These events result in the concomitant duplication
of dozens of genes and in some cases in the formation of
chimeric open reading frames at the junction of the
duplicated blocks. The types of sequences at the break-
points as well as their superposition with the replication
map suggest that spontaneous large segmental duplica-
tions result from replication accidents. Aneuploidization
events or suppressor mutations that do not involve large-
scale rearrangements accounted for the rest of the rever-
sion events (in 26 and 16% of the strains, respectively).
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Introduction

The change from one gene copy per genome to two copies is a
significant mutational event representing the first step lead-
ing to the formation of gene families. It is regarded as the
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most effective mechanism by which new functions can arise
and eventually contribute to the phenotypic differences
between species (Prince and Pickett, 2002). Sequence-based
evidence for the presence of large segmental duplications has
been found in the genomes of many eucaryotic organisms
(Wolfe and Shields, 1997; Bailey et al, 2002; Simillion et al,
2002; Thomas et al, 2003), and comparative studies have
suggested that duplication of large DNA segments has been a
continuing process during evolution (Llorente et al, 2000b;
Samonte and Eichler, 2002; Locke et al, 2003). However, it is
actively debated whether these large duplicated regions were
produced through the accumulation of segmental duplica-
tions or by complete genome duplication events (Llorente
et al, 2000a,b; Friedman and Hughes, 2001; Robinson-
Rechavi et al, 2001; Wong et al, 2002; Blanc et al, 2003;
Friedman and Hughes, 2003).

Earlier attempts to characterize gene duplication were
mainly based on the yeast CUP1 gene dosage selection system,
and different mechanisms of primary gene amplification, such
as aneuploidization, extrachromosomal amplification or cycle
of breakage-fusion-bridge, were described (Whittaker et al,
1988; Spector and Fogel, 1992; Dorsey et al, 1993; Moore et al,
2000). Some DNA content variations of large chromosomal
regions were reported as potential large segmental duplica-
tions in the Saccharomyces cerevisiae genome (Bach et al,
1995; Roelants et al, 1995; Hughes et al, 2000). In addition,
early work on filamentous fungi genetics revealed large dupli-
cations for chromosome segments resulting from nonrecipro-
cal terminal translocations (Bainbridge and Roper, 1966;
Sexton and Roper, 1984; Daud et al, 1985). Nonreciprocal
translocations have also been described in evolving popula-
tions of diploid yeast cells (Dunham et al, 2002).

If segmental duplications have played a significant role in
eucaryotic genome evolution, it is unclear how these duplica-
tions are generated, intra- or interchromosomally, in direct
or inverted orientation, and what sort of sequences are
involved at the junctions. Thus, the availability of an experi-
mental system adequately designed to investigate the mole-
cular mechanisms involved in the formation of duplications
would be of general relevance for the study of genome
evolution. Here, we designed a gene dosage assay in
S. cerevisiae to monitor gene duplication. The growth defect
caused by deletion of one duplicate from a highly similar
gene pair can be compensated either by the duplication of
the remaining gene of the pair (segmental duplications
or aneuploidization) or by other types of suppressor muta-
tions that do not involve large-scale rearrangements. In this
work, we focus on the cases of segmental duplications and
demonstrate that, while we select for the duplication
of a single gene, duplications of large DNA segments en-
compassing numerous genes occur spontaneously in the
S. cerevisiae genome. Repair of replication-dependent
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chromosome breakages could be at the origin of these
segmental duplications.

Results

A gene dosage recovery system to screen

for spontaneous duplication events

The system designed to monitor gene duplication is based on
the growth rate defect that results from the deletion of the
ribosomal protein encoding gene RPL20A (YMR242c) in a
haploid cell (doubling time of 3h compared to 1.5h for the
wild-type (WT) strain). This gene shares 99% nucleotide
sequence identity with RPL20B (YOR312c). We first showed
that a supplementary copy of the RPL20B gene and its
flanking intergenic regions (1.9kb in total), carried by a
centromeric plasmid, was indeed able to restore a normal
growth phenotype (not shown). We then analyzed the ap-
pearance of spontaneous rapidly growing revertants using a
Luria-Delbruck fluctuation assay (Luria and Delbruck, 1943).
A total of 100 independent cultures of the slow-growing
haploid parental strain deleted for RPL20A were propagated
for approximately 80 generations by serial transfer into rich
glucose liquid medium. Every eight generations, an aliquot of
each culture was diluted and plated onto rich medium. After
36h of growth on plates, spontaneous revertant strains form
big colonies easily discernable from the parental small colo-
nies. The mutation rate is estimated at approximately 10~
events per cell per division (see Materials and methods).
After 80 generations, 83 out of 100 cultures were entirely
overtaken by revertant strains. The molecular events respon-
sible for this growth rate reversion were first investigated
by pulse-field gel electrophoresis (PFGE) karyotyping.

A majority of spontaneous normal growth revertants
result from large chromosomal alterations
Among the 83 independent revertant strains isolated, we
identified 48 strains showing modifications of either the
size or the number of chromosomes in their karyotypes that
can be classified into three classes (see Table I and Figure 1).
Class I corresponds to 42 revertants showing a size increase
of chromosome XV that carries RPL20B (Figure 1A). Class II
is represented by four independent revertants that show an
additional chromosome in their karyotypes (Figure 1B). Class
IIT consists in two revertants presenting a size increase of a
chromosome different from chromosome XV (Figure 1C and
D). In all cases, hybridization of the karyotypes using RPL20B
as a probe revealed either the larger or the additional
chromosome, suggesting either intra- (42 cases) or interchro-
mosomal duplications (six cases) of this gene (Figure 1).
The 35 remaining revertants showed karyotypes indistin-
guishable from WT using PFGE. Small duplications that
would pass unnoticed on PFGE were sought by restriction
mapping of the genomic DNA of these 35 strains, but no
rearrangement within a 17kb region around the RPL20B
locus could be detected (not shown). Growth recovery in
these revertants could be due to a chromosome XV disomy,
but this is difficult to detect on PFGE because of the presence
of the comigrating chromosome VII. To test this hypothesis,
we crossed these 35 strains with a strain carrying the reces-
sive marker ade2 (YORI28c) on chromosome XV and per-
formed tetrad analysis on the resulting diploid strains. In all,
13 strains presented a 2:2 segregation of the ade2 phenotype
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and a spore viability (88% of spore germination, s.d. 11%)
identical to the control strains, consistent with a balanced
number of chromosomes in their karyotypes. Suppressor
mutations in these strains may correspond to point mutations
in the regulatory region of RPL20B. The 22 other strains
presented a near absence of segregation of the ade2 marker
alone (3%, s.d. 5%), fully consistent with a disomy of
chromosome XV in the corresponding haploid revertant
strains. Of these, 20 also show a strongly reduced viability
of the meiotic products (38% of spore germination, s.d. 8%)
and the remaining two strains presented moderately reduced
spore viability (62 and 77 %, respectively). This reduction in
spore viability might result from segregation problems at
meiosis caused by the presence of the additional chromo-
some XV in the corresponding diploids.

Altogether, the growth defect was compensated by the
duplication of the remaining gene of the pair, either through
segmental duplication or by aneuploidization (48 and 22 out
of 83 revertant strains, respectively), or by suppressor point
mutations (13 cases).

CGH analysis of revertant strains showing modified
karyotypes

To determine the precise nature of the rearrangements, the
genomic DNA from 26 strains belonging to class I and from
the six strains belonging to classes II and III was further
analyzed by comparative genomic hybridization (CGH) onto
microarrays. Total DNA from each revertant strain was
hybridized onto microarrays and compared to the WT strain.
Genomic ratios were determined for each open reading frame
(ORF) between the revertant and the WT strains and plotted
as a function of their chromosomal location (Figure 1). In all
strains, a series of contiguous ORFs located on the right arm
of chromosome XV and encompassing RPL20B was found
duplicated. These duplicated blocks ranged from 41 to 490 kb
in size. In all, 14 different array profiles were found among
the 26 strains from class I (two patterns were found 10 and
four times, respectively), defining 14 different intrachromo-
somal duplicated blocks (Figure 1A and Table I). In addition,
for the four strains carrying a supernumerary chromosome
(class II), a large segment (from 133 to 655 kb) from another
chromosome was also found to be duplicated (Figure 1B). In
these strains, the duplicated segment from chromosome XV
extends up to the right telomere, while the duplicated seg-
ment from the other chromosome includes the centromere
and extends up to one telomere. In all cases, the cumulated
size of the two duplicated segments identified by CGH is fully
consistent with the size of the supernumerary chromosome
estimated from the PFGE. Therefore, the supernumerary
chromosomes result from the fusion between a duplicated
part of the right arm of chromosome XV and a duplicated
region from another chromosome that does not carry RPL20B.
The remaining two strains (YKF1036 and YKF1246) belong-
ing to class III present a size increase of chromosomes V and
I1I, respectively (Figure 1C and D). For YKF1036, the CGH-
array profile revealed a 256 kb duplication of the right arm of
chromosome XV, extending up to the telomere, suggesting
that this duplicated segment was fused to a complete chromo-
some V by a nonreciprocal translocation into one of its
terminal regions. Completeness of chromosome V in the
chimeric chromosome is confirmed by positive hybridizations
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Table I DNA duplication events observed in revertant strains

Strain Type (class) Bloc size (kb) Left border® Right border®
YKF1109 Intra (I) 288 YORI153w YOR316¢
YKF1124 Intra (I) 263 YOR220w YOR362c
YKF1080 Intra (I) 249 YOR236w YOR370c
YKF1103 Intra (I) 220 YOR216¢ YOR344c
YKF1057 Intra (I) 213 YOR268¢ YOR372¢
YKF1093 Intra (I) 213 YOR268¢ YOR372¢
YKF1147 Intra (I) 213 YOR268¢ YOR372c
YKF1250 Intra (I) 213 YOR268¢ YOR372¢
YKF1110 Intra (I) 208 YOR278w YOR380w
YKF1159 Intra (I) 183 YOR269w YOR357c
YKF1223 Intra (I) 180 YOR227w YOR336w
YKF1175 Intra (I) 115 YOR290c¢ YOR343¢
YKF1212 Intra (I) 115 YOR290c YOR343c
YKF1038 Intra (I) 115 YOR290c YOR343¢
YKF1067 Intra (I) 115 YOR290c¢ YOR343c
YKF1101 Intra (I) 15 YOR290c YOR343c
YKF1107 Intra (I) 115 YOR290c YOR343¢
YKF1116 Intra (I) 115 YOR290c YOR343c
YKF1120 Intra (I) 115 YOR290c YOR343¢
YKF1191 Intra (I) 115 YOR290c YOR343c
YKF1201 Intra (I) 115 YOR290c YOR343c
YKF1072 Intra (I) 110 YOR267¢ YOR329¢
YKF1022 Intra (I) 102 YOR272w YOR328w
YKF1016 Intra (I) 65 YOR305w YOR336w
YKF1095 Intra (I) 52 YOR307¢ YOR332w
YKF1050 Intra (I) 41 YOR307¢ YOR328w
YKF1044 Intra (I) ~100°

YKF1061 Intra (I) ~100°

YKF1063 Intra (I) ~100°

YKF1065 Intra (I) ~100°

YKF1069 Intra (I) ~100°

YKF1071 Intra (I) ~100°

YKF1082 Intra (I) ~100°

YKF1112 Intra (I) ~100°

YKF1126 Intra (I) ~100°

YKF1127 Intra (I) ~100°

YKF1141 Intra (I) ~100°

YKF1043 Intra (I) >150°

YKF1128 Intra (I) >150°

YKF1132 Intra (I) >150°

YKF1234 Intra (I) >150°

YKF1286 Intra (I) >150°

YKF1122¢ Inter (II) 490 (+133) YHRO14w YOR143¢
YKF1114° Inter (II) 268 (+594) YJR090¢ YOR267¢
YKF1085¢ Inter (II) 231 (+464) YKL128¢ YOR290c
YKF1027¢ Inter (II) 202 (+655) YPRO44c YOR305w
YKF1036 Inter (III) 256 Subtelomeric V YOR273w
YKF1246 Inter (III) 115 YCR027¢ YOR290c

Type indicates intra- and interchromosomal events. For details on classes I-III, refer to Figure 1 and the text.

YORFs located at the right and left borders were determined by CGH (blank: not determined).

bSize estimated from PFGE. Other sizes are deduced from breakpoint coordinates.

“For strains carrying a supernumerary chromosome, the size of the duplicated segment from the other chromosome is indicated in parentheses.

Figure 1 Intra- and interchromosomal duplications of large DNA segments from the right arm of chromosome XV. Left panels show PFGE and
hybridizations of the corresponding Southern blots with various ORFs whose names are indicated above each lane. Chromosomes XV and VII
comigrate in the parental strain, resulting in a band with a double intensity on the gel. Relevant chromosome numbers are indicated, and the
white arrowheads show the position of the modified or additional chromosomes in the karyotypes. Right panels represent CGH-array profiles
with the X-axes consisting either in the ORFs from the right arm of chromosome XV ordered from YOR00Iw to YOR394w (A, C and D) or in all
yeast ORFs ordered from the left telomere of chromosome I to the right telomere of chromosome XVI (B). The Y-axes correspond to the genomic
ratios calculated between the revertant and the parental strains. Scale ranges from —0.5 to +1.5 (A, C and D) and from —1 to +2 (B). The
position of RPL20B (YOR312c) is indicated by the dotted line. The last duplicated ORFs on each side of the blocks are mentioned (A, C and D).
In (C) and (D), a schematic representation of the chromosomes involved in the interchromosomal duplication-translocation events is shown.
(A) Representative revertant strains from class I. The sizes of the duplicated segments are indicated in parentheses and range from 41 to 288 kb.
(B) Revertant strains from class II. Black and open circles on the X-axes of the array profiles symbolize single and duplicated centromeres,
respectively. (C) Class III strain YKF1036. VtXV means a translocation of the right arm of chromosome XV onto chromosome V. (D) Class III
strain YKF1246. IIItXV and XVtIII mean a translocation of the right arm of chromosomes XV and III onto chromosomes III and XV, respectively.
The ORFs YCR027c and YCRO028c flank the translocation breakpoint onto chromosome IIItXV.
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of the most telomere-proximal unique ORFs (YELO72w and
YER187w; Figure 1C). For YKF1246, the CGH-array profile
revealed a 115kb duplicated segment, and hybridizations of
the subtelomeric probes from either chromosome III
(YCR106w) or XV (YOR386w) revealed a reciprocal chromo-
somal arm exchange between these two chromosomes
(Figure 1D). This chromosomal rearrangement corresponds
to an unequal reciprocal translocation between chromosomes
III and XV, leaving a 115kb region from chromosome XV
duplicated on both chromosomes. Altogether, the chromo-
somal rearrangements characterized in these 32 strains
demonstrate that large DNA segments can be spon-
taneously duplicated either intra- or interchromosomally,
leading to a scattering of large duplicated segments
throughout the genome.

Intrachromosomal duplicated segments are repeated
as direct tandems

We used DNA combing to map precisely the intrachromoso-
mal segmental duplications within chromosome XV
(Bensimon et al, 1994; Michalet et al, 1997). DNA from five
recombinant cosmid clones (Tettelin et al, 1998), whose
inserts are localized in the duplicated regions, were labeled
either with biotin or digoxigenin and detected by red or green
fluorochromes, respectively. Joint hybridization of these five
probes onto stretched DNA from the WT strain led to an
alternation of red and green signals with a defined interval
length between them (Figure 2). The same hybridization onto
stretched DNA from strain YKF1022, which was shown
by CGH to exhibit a duplicated block of approximately
100 kb, revealed a tandemly duplicated series of additional
red and green signals. The size of the duplicated segment
determined by DNA combing is consistent with the chromo-
some XV size increase estimated from the PFGE and CGH
analyses. From a similar experiment, the 65kb duplicated
segment in strain YKF1016 was also found to be repeated as a
direct tandem (not shown). Thus, in the two revertants
studied by DNA combing, the segmental duplications form
direct tandem structures. The same is true for at least 21 of
the 24 other strains with intrachromosomal duplications, as

verified by amplification and sequencing of the breakpoints
(see below).

Sequences involved at the duplication breakpoints
Based on the limits of the duplicated regions determined by
CGH, we amplified and sequenced the junctions of 11 in-
trachromosomal (corresponding to 23 strains) and four inter-
chromosomal events. Three types of sequences were found:
low-complexity DNA sequences (GTT/AAC trinucleotide re-
peats and polyA/T tracts), microhomology regions (from 2 to
9 nucleotides) and transposon-related sequences (Figure 3).
In six cases, the junctions consisted in the fusion between
two ORFs. Considering the reading frames and the coding
strands, this led in three cases to the formation of a novel
chimeric ORF still possessing an active promoter and com-
posed of the 5" end of one ORF fused to the 3’ end of the other
(Figure 3).

We also tested whether the sequences located at both the
left and right borders of the intrachromosomal duplicated
blocks were modified by the duplication event (Figure 3).
These regions were amplified and sequenced in five strains
corresponding to the three different types of breakpoints. No
changes were found compared to the corresponding WT
sequences, suggesting that the external regions of the dupli-
cated blocks are either not broken during the process or
always faithfully repaired.

Generalization of the phenomenon of segmental
duplications to the whole genome

Our screening procedure involved gene dosage compensation
for a 1-kb-long gene located on the right arm of chromosome
XV. Therefore, only the segmental duplications encompassing
this gene could be observed. To test whether other chromo-
somal regions of the yeast genome were equally susceptible
to such events, we explored deletant strains of the
Saccharomyces Deletion Project in which the deletion of a
gene was reported as resulting in a slow growth phenotype
(EUROFAN, http://mips.gsf.de/proj/yeast/CYGD/db/index.
html). Among 191 deletant strains expected to be slow
growing, 134 presented no growth defect on a rich medium

Parental strain 102 kb

e = = : :

- XV [a m _
pa— H H H H

YKF 1022

7N H

Q(v | u ] — i
LY

YOR272w

YOR328w
YOR272w

YOR312¢

YOR328w

YOR312c

Figure 2 Direct tandem organization of an intrachromosomal duplicated segment visualized by molecular combing. Molecular combing of the
genomic DNA of the parental strain (top) and of YKF1022 (bottom) performed with fluorescent probes derived from recombinant cosmids 130,
1338, 488, 323 and 183 of chromosome XV (Tettelin et al, 1998). Red and green colors correspond to biotin- and digoxigenin-labeled probes,
respectively. The succession of the colored signals reveals that the segmental duplication of approximately 100 kb (extending from YOR272w up
to YOR328w as deduced from CGH) is oriented as a direct tandem. These patterns were analyzed on nine and 12 different DNA molecules for

the WT and the YKF1022 strains, respectively.
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Strain Schematic mprasent_ahon Breakpoint sequence Coordinates Element at
of the sequenced loci the fusion
A GCCACCATATATTCGTTGTTGAGTT[T (GTT)3 GCTGCTGAATATAC. .. 5 :
YKF1072 Intra XV | D] > GCCACCATATATTCGTTGTTGAGTT(T (GTT) 13 G|TGGATTGTTTTGGGGAACCATATC 936998 222925 Chimeric ORF
... TTTTGATGCTGGTGATGATGGT (GTT)20 GTGGATTGTTTTGGGGAACCATATEC (YOR329c—1) (YOR267c—1)
ACAAGTGAACCTAGAGCTTGET (GTT )11 GCTGT TGGTATCTGCTGATGAT ., . . o
YKF1057 Intra E@I@: ACAAGTGAACCTAGAG [GTT)14 GTGGATTGTTTTGEGGAACE 1036127 822024 Chimeric ORF
(x4} .. .GGTGATGATGGTGIT GTT)18 GGATTGTTTTGEGGAACE (YOR37T2c—1) (YOR267c—1)
GTGGTCTTGTGCTATTATTATT (GTT)9 GTCGTICAAAATCACCGCTACTAT. .. :
YKF1114 Inter X [ XV GTGETCTTGTGETATTATTATT (GTT )8 GTTGTGGATTGTTTTGEGEAACCATAT * 593883 XV 822950 Frameshifted
.. .GCTGGTGATGATGGT TT)18 GTTGTGGATTGTTTTGGGGAACCATAT (YIRO90c—3) (YOR267c—1)  fusion ORF
TETCTTTTTTITITITCTTCT(T)20 TTGCAGCAT TATGATAGAACAAT. . .
YKF1095 Intra XV [ D] > TETCTTTTTTTTITTCT(T)>10  TAAAAAAGACCTTCGAGGGTTTTTTTT 244498 892623 Fusion
.. . AGGTAGTAGCAGTAAATAAGATAAAAAAGACCTTEGAGGGTTTITTTT (intergene)  (intergene) intergene
TTTCGETTCTTTTCTITTIT IR ITIT AT T T IR T T T ITTTTCGAGE . . .
YKF1016 Intra XV | 9] >  TTTCGCTTCTTTTCTITTTTTTTITT T T T TTTTT T T TTTTCAAATTATITATE 954135 888842 Fusion
. TECTAGTTITITTITTT T T T TITTIT T TTTTCARATTATITATE fintergene)  {intergene) intergene
ATGTATATATTTATTTAGAAARAAAAAAAARAAAAAAACCARRATC . . .
YKF1027 Inter _XVI x ATGTATATATTTATTTAGA AAAAAAAAAAALAAAAAAACATAAGGAAATTTTAAT XVIBSS078 XV 889743 Fusion
.. .GGAAAAATIAAAAAAAAARAAAAAAACATAAGGAAATTTTAAT i i interg
B ACTTTATGAAGCTAGAGAAAGGECATCAAGAMCC T TTTCGTGGAAAGTAT . . . .
YKF1022 Intra E@I@: ACTTTATGAAGCTAGAGAA AGG CCA T CAAGAICAT GG GATTTGGTCACCOCGAGA 935772 833741 Frameshifted
.. .CAGTATCACAAGATCATACCATCAAGACATGGGATTTGGTCACCOCGADA (YORIZ0w +1) (YOR2T2w +2) fusion ORF
GGCATATTATTTCGTARTCTETAAACATCCCCT TCGAATCCATCCCATTTGGTATA. .
YKF1159 Intra E@I@: GGCATATTATTTCGTAATC TGTICAC TTC CGT CAAACTACATCCCAATTTGCCTATA 1009530 826849 5’truncated
. AATGTTGAATCATCTGTCACTTCCGTCAAACTACATCCCAATTTGCCTATA (YOR35Tc—1) (YORZ69w+3  OREs fusion
GGCAAGACTGAAGACACCAAGG ll:ﬂ c'c AATCAAGGGTGTCGATAGGGACATT. . .
YKF1050 Intra XV ] 9] > GGCAAGACT GAAGACACCA Accu@c:hrcac TAACTTTGAAGAGAGAATTGCTATT 932662 884533 3’ truncated
.. . TTTTTACAGATATAACCTATCETTCACTAAC TTTGAAGAGAGAATTGCTATT (YOR3IZBW +3)  (intergens) ORF
cAcTC ec.ncccccnrnTWrWTc CAAATC T TGATTTACATCARA. . .

YKF1080 Intra E@I@: CACTCGCACCGGGAATATACTTTITTTCCTTTTCTAAATTGTTTAAAACCAAAG 1020448 TEOGDZ 5"truncated
... TCTGACAAGTTAACCACTTTTTTCCTTTTCTAAATTGTTTARAACCAAAG (YOR370c—2) (intergene) ORF
CACGATATCAGTTCCAATGCABRACAAGACGATGC AAATAGTAGETATT. . .

YKF1223 Inta XV ] ] > CACGATATCAGTTCCAATG CAIGAACAAGACTCGC CCCATTCTGAATCATCAGACCT 950083 763644 imeric ORE

... ATCATAGTAGTGGTCGTIGAAC AAGACTCGCCCCATTCTGAATCATCAGACET (YOR336w +1) (YORZ2Tw+y)  Chimeric
GCTTTTGTTAATTTGATGATGCGREBC T|CGAATG T GTTTGARAGCTTTACAA . . . .
YKF1124 Intra m GCTTTTGTTAATTTGATGATGC GCTIGCAAGT GT TTAAGTTCTTACAGGAATTG 1018778 755526 5" truncated
c ...TCATATTTGATAAGATGACACGC jscuc.r_g_ TTTAAGTTCTTACAGGAATTG (intergene)  (YORZ20w+3)  ORF
AACGTACGAATGCCTGAACAATTAGT TTAGATCC GAGATTCCGEGETTCCATCATTTAG
YKF1175 Intra E@I@: AACGTACGAATGCCTGAACAATTAGT T TAGATCC GAGATTCCGCGCTTCCACCACTTA 960135 854415 Fusion
(=<10) AAAGTATAAATGCCTGAACAATTAGT TTAGATCC GAGATTCCGCGCTTCCACCACTTA (YORWsigmad) (YORWsigma3) |TR
AGACTGTTTATATTAGGATTGTCAAGACACTCCGG TATTACT TAATACAAC, T
YKF1085 Inter XV X AGACTGTTTATATTAGGAT TGTCAAGACACT CCGE T ATTACTCGAGCCCETAATACAA A X1202286 XV 854560 Fusion
AGACTGTTATATTAGGATTGTCAAGACACTCCGGTATTACT TAAT, A (YKLCslgmai) (YORWsigmad) |TR
YKF1246 Inter i XV 249 nt homology (98% identity) V854392 W 168500
(YORWsigma3) (Partial Ty3 LTR) Fusion
YKF1122 Inter Vil | Xv  Fusion between YHRWdelta7 (Ty1 LTR from chromosome VilI) XV 504820 VM 133676 LTR

and YORWTYy1-2 (full-length Ty1) (not sequenced)

(YORWTy1-2) (YHRWdelta7)

Figure 3 Segmental duplication breakpoints: (A) microsatellites junctions; (B) microhomology junctions; and (C) transposon-related
junctions. Gray boxes represent the localization of the junctions. For intrachromosomal events (Intra), the top and bottom sequences are
the flanking telomere- and centromere-proximal sequences of the junctions, respectively. For interchromosomal duplications (Inter), top
sequences correspond to the centromere-containing chromosomes whereas bottom sequences represent the right arm of chromosome XV.
Sequences of the junctions are italicized in the middle lines. Microhomology regions flanking the junctions are underlined. The genetic
elements involved in the junctions are mentioned below the coordinates, and the frame is specified when the breakpoint occurred within an
ORF. Empty boxes on the schematic representations represent the sequenced left and right borders of some intrachromosomal duplicated
blocks. In these sequences, no change was found compared to the corresponding WT sequences.

and 27 of them showed large karyotypic modifications (see
Table II). A total of 20 strains were found to be disomic for
one chromosome, and in 17 such cases this chromosome
carries a close homolog to the deleted gene. In the seven
other strains, a size increase of one chromosome was ob-
served. This chromosome carries a sequence closely related
to the deleted gene in three out of the seven cases, suggesting
intrachromosomal duplications of a DNA segment. In the
four remaining strains, the larger chromosome was different
from the one that carries the closest paralogous gene, sug-
gesting that interchromosomal duplication events might have
occurred. These results confirm previous findings on the high
level of aneuploidy within deletant yeast strain collections
(Hughes et al, 2000). They also show that the mechanism of
segmental duplication described in this work for the chro-
mosomal region encompassing RPL20B can be generalized to
other chromosomes and, possibly, to the whole genome.

Discussion

Using a single gene dosage compensation system, we have
been able to identify several large segmental duplication
events all encompassing the reporter gene, but extending
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much beyond it. It should be stressed that although duplica-
tion of this gene confers a significant growth advantage, the
mutational events studied here are spontaneous ones, and
not induced. Most events correspond to intrachromosomal
direct tandem duplications of large segments from chromo-
some XV (42/48). In the six remaining cases, interchromo-
somal duplication events led to the formation of chimeric
chromosomes.

It is very significant for molecular evolution that, although
our selection system acted on a single gene, large chromoso-
mal segments encompassing many genes were always dupli-
cated concomitantly with it (up to 252 ORFs from
chromosome XV and 327 ORFs from other chromosomes).
Such pools of duplicated genes may represent important
reservoirs of coding sequences, possibly allowing the emer-
gence of new functions through modification of their coding
and/or the regulatory sequences (Lynch, 2002). Another
possibility for the emergence of a new function is the forma-
tion of fusion genes by domain accretion at the junction of
the duplicated blocks (Eichler, 2001; Bailey et al, 2002). We
characterized chimeric ORFs at the junctions of six of the
duplication events. Similarly, in primate species, Courseaux
et al (2003) showed that euchromatic segmental duplications
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Table II Karyotype modifications in deleted strains from the Saccharomyces Deletion Project library

Strain number?® Deleted ORF Disomy Segmental duplication Possible explanation for growth recovery
16679 (o) YBR191w XVI Duplication of YPLO79w
16961 (o) YBR189w XVI Duplication of YPLO81w
6961 (a) YBR189w XVI Duplication of YPLO81w
15813 (o) YCR094w X1V Duplication of either YNL323w or YNR0O48w
5813 (a) YCR094w XIV Duplication of either YNL323w or YNR0O48w
16475 (o) YOR096w XIV Duplication of YNL096¢c
17002 (o) YJL136¢ XI Duplication of YKR057w
7002 (a) YJL136¢ XI Duplication of YKR057w
16595 (o) YHLOllc V or VIII Duplication of YER099¢c
17224 (o) YNLO079c IX Duplication of YIL138¢
17376 (o) YNLO069c IX Duplication of YIL133c
37376 (a/or) YNLO0G69c IX Duplication of YIL133c
7224 (a) YNLO79c IX Duplication of YIL138¢
7374 (a) YNLO55¢ IX Duplication of YIL114c
7376 (a) YNL069c IX Duplication of YIL133c
17220 (o) YNLO73w IV and III Duplication of YDR037w
16115 (o) YER117w I Duplication of YBL087c
6589 (a) YGR188c¢ 11 Segregation problem of YGR188c (BUB1)
5753 (a) YCRO024c-a XI Unknown
5756 (a) YCRO027¢ XI Unknown
6847 (a) YJR049c¢ On XVI Intrachromosomal duplication encompassing YPL188c
35278 (a/a) YLR369w On X Intrachromosomal duplication encompassing YJR045c
26955 (a/o) YMLO085¢ On XIII Intrachromosomal duplication encompassing YML124c
5278 (a) YLR369w On XVI Interchromosomal duplication encompassing YJR045c
5731 (a) YBR283c¢ On XVI Interchromosomal duplication encompassing YLR378c
16897 (o) YJR077¢c On I Interchromosomal duplication encompassing YER053c
16990 (o) YGR092w On V or VIII Interchromosomal duplication encompassing YPR11w
“Mating types are indicated in parentheses.
Replication time
aok T F r TF r T ad created mosaic genes at their junctions. Thus, besides
T had created t th t Thus, besid
N P /B B r generating a large pool of genes onto which evolution can act,
\ r = 1 . . . e
| \v,’\l/,’“\u_/ﬁ \.// \\ f NS { large segmental duplications also provide opportunities for
2] JJ“ r\j the emergence of new functions through the formation of
' L mosaic genes at their boundaries. Copy number increase as
| 1 | | well as chimeric ORF formation is reminiscent of the genomic
of — - ——— L R WERRA o disorders associated with some genetic diseases and malig-
& r SEF 50 f g ¢ fe 55’?0 Had # nant transformations of higher eucaryotic cells (Lupski, 1998;
g £& SEE & S EEF £85 & Abdel-Rahman et al, 2001).
S0kb X The molecular mechanisms responsible for the formation
N\ =3 — of such large segmental duplications are obviously of major
—— interest to determine. If unequal crossing over (UCO) is
generally invoked to explain the formation of duplicated
Il xLm ] o regions, it is unlikely here that this mechanism has played
\m NIV % a role as no large sequence similarity was found at the

RPL20B

Figure 4 Mapping of duplicated segment end points relative to
both the replication timing curve and the genetic elements of the
region. (Top) Replication time data are from Raghuraman et al
(2001). The X-axis represents a part of the right arm of chromosome
XV, extending from YORIO7w up to the telomere. Red diamonds
symbolize replication origins with their prediction confidence level,
ranging from 1 (poor confidence value) to 9 (strong confidence
value), indicated in the right Y-axis. T’s within shaded columns
symbolize the major replication termination sites flanking RPL20B.
Blue arrowheads are for LTRs, and oriented rectangles stand for full-
length Ty elements. Red bars correspond to runs of A/T longer than
14 base pairs. Red void triangles represent GTT/AAC trinucleotide
repeats longer than three units. (Bottom) Duplicated segments are
symbolized by the colored lines according to the type of sequences
found at their junctions: red for microsatellites, green for micro-
homology and blue for transposable elements. Arrowheads indicate
that the segment extends to the telomere. Interchromosomal events
are indicated by upper diagonals with chromosome names. The
vertical black line indicates the position of YOR312c¢ (RPL20B). Two
segmental duplication events were respectively found four and 10
times.
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junction of 60% of the duplicated blocks (microhomology
and microsatellite sequences). Even if UCO could be invoked
to explain the duplications between the Ty long terminal
repeats (LTRs), we must also underline that many other
repeated sequences (LTRs and full-length transposons) that
are present in the region encompassed by the duplications
were never used as substrate for recombination. Rather, the
replication map of the right arm of chromosome XV
(Raghuraman et al, 2001) shows that all the termination
sites flanking the RPL20B locus were involved at least once
in our segmental duplication breakpoint (Figure 4). In addi-
tion, all of the duplicated segments, apart from the three
Ty-mediated interchromosomal events, presented at least one
end located in the vicinity of a termination fork site on
chromosome XV (Figure 4). This is consistent with recent
studies in yeast showing that termination sites, microsatel-
lites and transposon-rich regions attenuate the progression of
the fork, causing substantial replication stalling and thereby
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offering a potential source of genome instability (Cha
and Kleckner, 2002; Pelletier et al, 2003). In a normal
cell, numerous and redundant pathways are aimed at main-
taining genome stability (Kolodner et al, 2002). For example,
S-phase checkpoints suppress a large diversity of
gross chromosomal rearrangements that result from replica-
tion accidents (Myung et al, 2001). It is then tempting to
propose that segmental duplications would occur by a
two-step mechanism. First, a replication fork pauses and
collapses generating a chromosome breakage. Second, the
double-strand break can be processed into a new replication
fork either intra- or intermolecularly by a break-induced
replication-like mechanism that does not necessarily need a
long sequence homology (Malkova et al, 1996; Morrow et al,
1997; Bosco and Haber, 1998; Ira and Haber, 2002).
Alternatively, direct tandem segmental duplication could
result from the cleavage of the two strands of the same
polarity from two replication forks flanking RPL20B followed
by a simple nonhomologous end joining event between two
DNA ends.

The size of our segmental duplications is important to
consider with regard to the mechanisms of genome evolution.
The smallest segment observed here extends over 41 kb and
the largest over 490 kb. This size distribution (mean =172 kb,
o =89 Kkb) is larger than the size distribution of the ancestral
duplication blocks recognized in the S. cerevisiae genome
(mean=58kb, o=46kb; Wolfe and Shields, 1997).
However, the presently recognized size of the duplicated
blocks in the yeast genome is necessarily smaller than their
original extent, due to the massive gene loss that has been
occurring within these regions since their formation (Fischer
et al, 2001). In addition, the orientation of the duplicated
segments that we observe is always conserved relative to the
centromeres, as it is mainly the case for the ancestral blocks
of duplication. Our experimental results suggest that,
as proposed earlier from a comparative genomic ana-
lysis (Llorente et al, 2000a), the present structure of the
S. cerevisiae genome may have been reshaped by the
successive accumulation of segmental duplications over evo-
lutionary times.

Finally, the significance of our results for the general
understanding of the duplication process during evolution
may be questioned because we imposed a strong selection
for duplication events encompassing a functional ribosomal
protein gene. However, our data (Table II) and those from
Hughes et al (2000) indicate that similar large duplication
events are found in other parts of the genome using a variety
of other deletion mutants. It is therefore possible that any part
of the WT genome may be subject to such spontaneous
duplication events, which may eventually be fixed in a
natural population by selection or isolation. The quantitative
importance of such events in the evolution of natural popula-
tions obviously remains to be determined. Ongoing sequen-
cing programs of yeast genomes may rapidly solve this
question.

Materials and methods

Yeast strains and plasmids

All strains are derivatives of S. cerevisiae BY4743 (Winzeler et al,
1999). Heterozygous diploid strains YKF118, YKF119 and YKF120
were constructed by PCR-based gene replacement of one YMR242c
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(RPL20A) allele by the KanMX4 resistance gene (Wach et al, 1994).
Slow-growing, geneticin-resistant meiotic products of YKFI118,
YKF119 and YKF120 were used as parental strains. A detailed list
of the 191 deleted strains tested from the Saccharomyces Deletion
Project is available on request.

To test whether an additional copy of RPL20B was able to restore
a normal growth rate to the parental strains, the RPL20B gene and
its flanking intergenic regions (1.9 kb in total) were cloned into the
centromeric pRS416 plasmid (Stratagene).

The 35 revertant strains carrying no large duplications
were crossed to Y55 strains (either Y2366 (Mata, ade2) or Y2367
(Matalpha, ade2)). Control strains were constructed crossing
BY4741 with Y2367 and BY4742 with Y2367. The diploids were
sporulated and 8-18 tetrads were dissected for each strain.

Growth selection assay and mutation rate calculation

A total of 100 independent cultures, each issued from one
independent subclone from our slow growth parental haploid
RPL20A::KanMX strains, were inoculated with 2 x10” cells in
YPD (glucose rich) medium, at 30°C, under agitation. Approxi-
mately 5x10° cells from each culture were transferred every
eight generations in fresh YPD medium. This process was repeated
10 times for a total of 80 generations. During each of these
successive culture cycles, exponentially growing cells were plated
on YPD, at a density of 2x10° to 2 x10° cells per plate. The
first normal growing revertant colonies, showing a much bigger
size than their ancestor, appeared on plates after 120h
(20 generations) in five cultures and kept appearing in other
cultures until the experiment was stopped (at this time, 83 cultures
were overtaken by normal growth revertants). For the first revertant
cells to be detectable on the plates, the proportion of revertants
in the culture must be approximately 0.5%. Based on the growth
rate difference between parental and revertant cells (0.33 and
0.66 doubling/h, respectively) and on the total number of
cells transferred through each propagation step (5x10° cells),
we estimated that the initial reversion event must have occurred
3-4 generations after the initial inoculation step to reach
this proportion. As only five out of the 100 cultures presented
revertants on plates after 120 h of cultivation, the mutation rate was
calculated from a Luria-Delbruck fluctuation test considering the
probability of having no mutations in 95 out of 100 cultures
(f=0.95) after 3-4 generations starting from an initial number of
cells ny=2 x 10°. This corresponds to a total number of mitotic
divisions of n=1.6 x10® to 3.2 x10% (2 x 10" x 2* to 2 x 107 x 2%).
The mutation rate is given by the probability p= 1 — e!//(=-m0)
corresponding to 1.7 x 107 to 3.7 x 10 '° reversion events per cell
per division.

In each culture, at least two (and up to six) Independent
revertant colonies were picked and subcloned for molecular
analysis. In total, 287 normal growth revertants were studied
originating from at least 83 independent mutational events. In all
cases, all the revertant colonies isolated from the same culture
presented the same karyotype and, therefore, were considered as
descending from the same mutational event.

Pulsed-field gel electrophoresis

PFGE karyotypes were established in a Rotaphor R23 (Biometra) or
in a CHEF Mapper XA (Bio-Rad) tank and transferred onto Hybond
N+ membranes (Amersham) according to the manufacturer’s
recommendations.

Comparative genomic hybridizations and DNA combing
Total genomic DNA of mutants and parental strains was prepared
with the Qiagen genomic TIP20 and hybridized against yeast whole-
genome arrays from Eurogentec or Affymetrix. For Eurogentec
arrays, 0.5-1 pg of genomic DNA was labeled by random priming
with fluorescent Cy3- (parental strain) and Cy5-dUTP (revertants)
as previously described (Hughes et al, 2000). Genomic ratio for
each ORF was defined as the ratio between normalized spot
intensities of the revertant and parental strains, from which the
mean of all spot intensities ratios was subtracted. For Affymetrix
arrays (YG-S98), labeling, hybridization and detection steps were
performed at the Affymetrix Platform from the Génopole Alsace-
Lorraine (IGBMC Illkirch, France). Arrays were analyzed and
genomic ratios were calculated by the Affymetrix GeneChip
software.
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The DNA combing procedure is detailed in Conti et al (2001).
Briefly, genomic DNA of strains YKF1016 and YKF1022 was purified
in agarose plugs, and stained with YOYO-1 (Molecular Probes).
Plugs were melted at 65°C and digested with B-agarase. The DNA
solution, in 50 mM MES (pH 5.5), was poured in a Teflon reservoir.
Silanized coverslips were dipped into the DNA solution for 5min
and pulled out at a constant speed (0.3 mm/s). In situ hybridization
of fixed DNA was performed using cosmids from the right arm of
chromosome XV as probes. For both strains, cosmids 130, 1338,
488, 323 and 183 (Tettelin et al, 1998) were labeled either with
biotin-dUTP (1338, 488 and 183) or dig-dUTP (130 and 323).
Signals were amplified by several consecutive layers of fluorophore-
conjugated antibodies and finally detected with Texas red (for biotin
probes) or FITC (for digoxigenin probes). Slides were scanned using
an epifluorescence microscope connected to a CCD camera.
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